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Al)s[rnct  - This I)apcr  is Iargcly  tut(,l ial ill II IL I IC aI(l provid<s  an over vicu  of the nlicrowave  dielectric
p]c~pcrtic.s of ccr[ain natural terrestrial III( dtzi [s ,ils ,ITICi vc.~(.tation)  and rece n[ rcsul[s  in cstilnating  these
[Jro[)crtic.s  rcrnotcly  fronl airborne. ZTI(I cIILHtzl  s) i!tl]c.tic allcrtul-c radar (SAR).  Sections present (1)
instl un)cntation for laboratory and ir, ~ilu IIIC: .UI CrII 11[ c~f [III’.  Iclativc  diclcct]ic ccmstant, (2) a synopsis of
laboratory rneasurernerrts,  (3) exarll],lcs  (If ir .tIII/  ]irasu[cincllts}  (4) t}Ic rclatic)llshil) between dielectric
lmopei(ics  and radar backscattcr,  arl(l (.5) z SLIIIII  IIaI ) (~f rccc. nt ~,ro~i css in cstilnation c)f surface dielectric
[)ropcx~ics from SAR observations.

1.0 lntroduc(ion

The dielectric resonance (If Iw(lr  ]Jr( aII 1 salil, c water lies in IIIC  l,lictowave  pc)rtion  of the
spectrum, and Ihc relative dielectric COIJSIZIII  ~ If lIq(I  I I water CaII bc 1 to 2 ordms  of n~agrritude  greater than
anllydrous terrestrial media. He.ncc, 1}1(-  ]llicr(l~:~t (iiclc.ctl i( conslant  is very sc.nsitivc to water content
and can bc ttighly diagnostic of ottm  syst{ !II :[11 it~ti’s. T.tmc. arc sc.corl(iary  depc.nde.ncies  of the dielectric
constant on dry density, chemical co]llposi[io] a,, d t]:: (e,rn[)c.{  a lure. of tile. niediun].

Because of the near-transpartincy of tllc atr osphcre., the. poterltials of active. radars (scatterometers
and irnagers) arid passive radionletc.ls lI;IJC t). CI, (ZI, :i c-ontillu(  to be) cxl)lored for earth observation. ‘lIre
emission and scattering behaviors c,f a ]I!cdi III are (ont]olledby Iwo sets of factors: (1) the geometrical
properties describing boundary  Cond)[if)lls  a d (,2) ,.liclcctric [)ropc.ltie.s,  Most t}lcoretical  developments
have ccmccrncd  description of the, fo]\\~i+((l ]MI ,I)lr-111,  that is solving for scat[c.ring  and crnission as functions
of Il~edia properties, whereas the invc]se  },]1.)t”c!  I is {~f grea[c S( interest to ttlc. a~)[~lication of remote sensing
tcchrriqucs  and i~as rcccived less attc]l[ion to :’I:J!c ‘1 “tic. k(.y in tlw invcrw problc.rll is often to decouple the
Ecornctric  (structural) effects of tlie. II ICd ILIIII  ft C}I  II tt I dick-.c [I ic effects cm tlic nlcasur-ed signal.

2.0 Instrurncntation for l)ielcrt [ ic illeI<II  I CI ,(nts

Several methods may be USC(I  [(~ JIICa SUI c diclcct]ic  prc)pcrtics  of natural media and include
transmission, reflection, and resmlanc( t( clll,iq,)cs. ‘]-tw (Icvc.lopnlc.nt of au(orllatic  network analyzers and
sweep frequency rneasurcrncnt tc,cllniques t]:;  1( WI (o ttle ctf..vclop]nlent of faster mrxrsurement  techniques.
[in~phasis is place.d on tcchniquc.s  spc{if](:a]  y !.111[  II!C for vcf:c.ta(icm arid soil r]lcdia. Most transmission
le.chnic]ucs utilize  either a wave.guide 0[ a f[~ I:. :,] IaC , sysIc III.  “J’he. aml)litudc.  fir)d phase of the transmission
coe.fficicnt through a substance of \IIIk II[,v:I} (Ii :Ic( I ic corlstallt is nlcasurcd and an iterative procedure is
used (O express tt]c unknowrl  dielc,c(l ic COIISI ,1)1  jr) I I II)S Or [}]c pro[)ap,a[ic)]l  cor)stant of [}lc dielectric  tilled
sarl~plc. lloldc[. l~ull details of the ~)IIM: C{\LIIC  wt. j:iv( i III [1 ].

Rcfle.ction t e c h n i q u e s  uti]lzc S]CI[[CI hIkc  II I  coaxi,il [)rolw  sys(cJIIs,  ‘I”llcsc Il]ethods  rncasurc  the
nlagni(udc  and p}]asc of tllc rcf{ccli~:l  ( , ,rf II{ if[t  :+[ [hc Crl!i of a trarlsrllissi(]n li[]c and re.fate it to tllc
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cficlcctric  constant  of  the mcrfiurn ~Ila(:td :11 I IC (: II(’ of [Ilc (Iolisrnission  lint’. Ilroadllurst  [2] u[ilizcd a
slo[[c.d line system in which hc nlea<u[c~i {Iicl C(I ic LInsLa  Iit by rclatirlg i[ (o (IIC  adll]ittancc of a coaxial
[ransrnission  line with (1IC material S]IO( il]wll o c LIIIy I 111 soriic of tllc SIMCC  bctwccn  IIIC coaxial conductors.
I’IIc mcasurcmc.n~  of the adrnittanct  oi a to xl~l l]rlc is cqulvalcnt  [o tlic ]Ilcasurerncrrt  of reflcc(ion
cocfficie.n[ at l}w same plane of re.fe.rcncc [J[,[ 1< !Jdc i coaxial  lines have bccll used Succcssftr]]y  by many
rcscarchcrs  [3-5].  l’his approach al~~,]irs a s[:rl(l;~r{l  I[f]C([i(,n  coefficient IIlcasurcnlc.  nt sys[cm  with the
probe [ii, in contact with the diclcc[lic  sa,[il,l(  a till[,, a [hc [crl,til,atio[~  load,

Resonant cavi[ics may also IN: al)~]!]~  ,:1 [o IrIc: .l)rc die.fc( (ric constant in (he. fllle.d-cavi[y approach,
[hc diclcc~ric  cons~ant of a material is dct( ) iii ,(:) 1,,, tl)c shift in tile lc.sonallt  frequency and the quality
factor of a resonant cavity [6]. Althou~lI (Ilc(we[irtl  y (his tccl]niquc.  is strai~htforward 10 apply. from a
practical standpoint it may bc very clif]tc  U) I to (c(:IIjl tcly fill tllr resonant cavity wi[h the solid dielectric
matcria! (e.g. Vegetation) withoLlt  s(lrl~c ;+ i! 11:)( }.et} ]ctmiinirl~,. ‘I”tiis cc~rnplicatcs tllc. inference of the
dielectric constant of the rnatcrial.

711c par[ially-filled cavity tCChlliCfLlt’, al w \ n(Iv:I\ as the })crturbi\liOn  tcc.!)niquc, Inakes usc of sma]]
changes in the cavity’s resonant frc.qucrlcy a[ttii ra~,lc I y proper sclcclion of ttlc sarllple size. ‘lIlc derivation
is based on the assumption that eithc.r tile sfitl,~)!  sift III its riiclcitric  cor~slan[ is snlal]  enough that the field
structure inside the cavity is not substa}tt  Iillly c !IaIi~:c(’i  l~y inst.) tion of t}lc sarl)l~lc.  ‘J’he s}tapc of the sample
is also an impor[ant factor in dctellllirlin~ t}~c i:[)l,l(l~) ia[c fOrlllLl12 to be. LISCd. sp~lcrcs. discs, and needles
are [IIC nlost conlmonly used shapes.

Various tcchrriques  have bccll fi}l;)llc( f~)l r’ .Ii[u (Ilaractcriza[ion  of t}lc dielectric properties of
vc.gctation canol~ics. l~or measurerrlcrll  of vc~t ta[ic)r! (iielec[lic cc)nstant, the wavc~Llidc and filled cavity
tcchniquc.s arc not suitable because it is rmt Im si IIlC t I avoid air ga[ls  bc[wcc.n  the. vc.Sctation  sample and
[hc nle.asurcmcnt  assembly. Also, it is i]]i}l(,<sillc [(I a lticvc Il,c SII1OO[1I  surfiicc  rc.quircrf  of the sample for
free-space. sys[crll mcasurcmcnts.  Slot[cd Ii II( z II(: lMI 1<lly fille.<1 cavity rllcasurcnmts  always suffer  from
inaccuracies in [hickncss n~casuren]crlt~ (If [tic sar II,lC. Soil and vc.f,c[aticlll dielectric properties arc
typically nlonitorcd using time cfomail]  I cfIc. \oIII:-11  y (II roaxial ~)robe systems..

A field por(able  dielectric prot)c (1’1 )1’ i l:i~ t,rrl dcvclo[)cd rind rllal kctcd by Applied Microwave
corporation [7] and has proven very l~scf(ll ill II IaIIy r rllote sensing stuciic.s  in w}lich nlicrowavc dielectric
properties of ve.gc.tation and soil rllus[ lbc CII;  a [r: ftd. “l”IIc I’IJI’ has p[ovcn  useful in characterizing
dielectric  propcrlic.s in a number cjf s[~l(iics  [t I ()] }] IWCVCI  i[ is arl incffl(’iC  11[ irlstrurrlcn[  for purposes of
sturfics  involving, nlore. intense analysts  of {IN t II ],:):, I lcspolisc.  of pt~ysic)lo~,i[  and dielectric properties of
vegetation. ~onscqucntly,  a design cf(ur[  VA< I.Ir I:i(. I {k cm in Orcicr (0 fi4C”illla[C l}IC rnc.asurcmcnt  Schcmc
ncccssary  to carry out experiments [t~at illv(ll vc col,:irlrrous  lorlg-tcrrl) rlloni[orinr, of canopy dielectric
propcr[ic.s  [1]]. ‘l?Ic dielectric monitor ir]~,  S),SU  III (Ic ) ~ Iopcd for ttiis a~)i)]icatiorl incor[)orates  [hr. PL)P unit
wittl a switchinp,  network and data log[:ci  ;~v :rlll~lj (hat [Jc.![[lits  fiutoric~nlctus  nlonitc)rirrg  of dielectric
corl.stant in a near-continuous fashion.

3.0 I,aboratory Measurcrncnts d l)iclcc~ r i< Ct,n<tant

‘l?lc average dielectric propcrbcs c)f 111( s II I ]I[diur]l  dc~~nd LIpon bulk soil characteristics, such as
moisture, density, par(icle-size dis(ributir.u~, IIlil C- I ,!lo[ \ and fi[li(l chcrrlistr~r. Soil is cor[,monly  considered
to bc a four conlponcnt  system ccmsistirlt  of :.oil s(iids,  air ald water in tur tl consisting of ‘bulk’ and
‘bound’ phases.

A number of studies [12,13] }Iavt r( ]w:tcl  or IIIC dic.tfc[lic  prol)cr[ies  of rc~ks mostly as functions
of composition (mineralogy) and bull (ic IIs It) :1.(  , It: IIlass (o volurllc ratio of [Jc~wdered  spccirncns). A
reflection tcchrriquc  using an open-end c(Iax. ia~ ~1:1.Ib:  v:as used to rf}casure the relative. permittivity  of 80
terrestrial rock samples over the ran~,e. f[ OK, I O f 18 (it]?. [ 13]. l’hc dielcc(! ic ioss factor of these same
rocks was measured using l-esonant c~vity tr{ IIwiquc.s  :11 fivc frequencies f[cml  1.6- 16 r311z. lhe real part
of the pc.rinittivity  was found to bc ir]dc~}~rldrt,[  (,f fr{ que.ncy. “llie. c. ffccts c,f the specific density of rock
wc. rc found to account for approxinla[c.ly !J{17, of ttl variance. I,c.twccn rock srinlple.s using a geometric
rncan frorllulation.  An additional 28% of tlI( lt,i.vlic was f(lund  to be rclatcci to differences in bujk
ctlenlical coml)osition of thesalllplcs  (tla( aIC IC14[I (i [I t(lin(.ralo~,y. ‘J_tlc loss tr+lL~,crlt was always small and
found todccl-case. with frcqucncyandval) t,] ri il):lal lass:  cariJ:)rlatc.o rsili(a tc(stlMividcdi ntovolcanic,
plutonic andscdin\cntary  )andalso  [hr. t)L~i\ cl} l,ic~l{{ >r]~~,()sitit~r~  .1 Jiclcctri:\(J ss\vasfou ndtobcpoorly
correlated with rock density.

“Il~cmicrowavcd  iclcctric~,r(l[,  clii[:w t),{lk lilsv/cIc (>.ar[,  irlc(iiI ltllc. ial)c,ra[c]ryby  anur1~bcrof
investigators in lhc 1970s [14, 15]. ‘J’tlc:)r(lt(l dIrlt Iric rllixi[l~ follrrulations  treating a two-component
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SYSIC.IN  of soil and water could not accouIII fir III ( ! the otmcl vcd cf(cc(s. As a consequence, relatively
simple empirical models were devclo~lcd  ICI tti[)g IIC dielcc[l ic bchaviol 10 readily measured bulk soil
pt]ysical propcr(ics such as dcnsi(y aIId lILiI ii 1{ si, distrit)utlon ( 1, 17- 19]. III addition, more complex
sclni-cl[lj)irical  and [hcorc[ical nlixil~~ II Iodrl iliccll I):natirlf: UI) to fo~lr-(ollll)onerlts  (soil, air, bulk water
and bound water) were dcvclopc.d  [ 19]. ‘1 I]CC pr(,, idc bcttcl a~rccnlcnt wi[h c)[jservations  but are more
complica(cd  and can require knowlc(lfic of z ldi[io:  <l soil l)rupc.rtics SUCI] as cation exchange capacity,
salinity and specific surface. llrc.sc s(udlcs d JV I}iI  [hc sc)il dielectric propel tics arc primarily controlled
by moisture content, bulk density, ICXIUIC a))d [:1 Iy r, irlcralclf,y. Nc) smdics  have rcpcm[ed  on the effects of
the organic content of soils.

Similar laboratory studies }Iavc },< I [W 1111 d CII the dielcc[ric i)ropcltic.s of vegetation as functions of
density, ]noisture. content and tcrtl[,cra[~llt : -I(I u~ (i [o ~,cncratc fairly sirll[]lc c.x~)rcssions  to estimate
Vcgcta(ion dielectric properties flC)Ill  1 . 18 (i} r, vla ~~ dual -disl~crsion  ]Ilodel that USC.S a sucrose solution to
model (Ilc behavior of ‘bound’ plant fluid~ [2’}].  “Ji c l]~ocicl tlas hcm fourld 10 work well for many plant
materials and the results compare fiivoI titlly [o in Ji(u obser va[ions.

4.0 In sifu  Measurement of I)iclectl i( ( ‘ol,stalil

l/I situ mcasuremen[s  of d]rlct  tl it ] o ~)cr I TCS hiive tmcrr nla(je. as a cclmponent  of a nurnbcr  of
rcce.nt rclnotc sensing investigations 211C I(IS 5yI, l~,isrll  Study cxi[l~irled [hc temporal variability of the
optical Ic.flcctallcc  and microwave ba( ks{ii[[cl  (i~[ls< I by diur[ljl ctlansc in canopy I)ropcrties  of interest to
c.cosystcill ]nodc]crs  [21]. The cxjwlitllcr~l v,’,~ (icsil IICd s}jcci(lcally to address diur[lal changes in canopy
water status, including water potc.ntial  arlcl vcl.e:~ [i. t water colltcmt, that reld[c to canopy transpiration. As
~,ar[ of tllc synergism study, an 1..barl(i (1, ( ill;  ) field lmltablc  cliclcc[ric probe. was used to obtain
rnc.asure.nlcnts  of the dielcctiic  constant of (} I \ CL(:! ltion and soil. 1 ~iur llal obscrvatior~.s were made of the
soil surface, the main tree stems, tllc bitt i. al (d IIN Ilif,llc] order green stc. n]s, Ilic. nlost dramatic diurnal
cl]angcs in dielectric constant we.] c 1 ou]ld ir tllr II ;~)rl  stcllls an(i the soil sur face. “1’he diurnal behavior
observed in tile ciic.lcc[ric of (I1c sc)il s~lt [a( c i. ct.l)l? I,rd by irl isation aTld su[~scqLlc.rl[  cirying  processes. To
quantify behavior of the vegetation dlclrttli( ( o:[s[.111, a single tlcc was irls[r unlc.n[c(i  to monitor the time
dcpcndcrlce  of E in (hc nlain stc.rrl (trt)nl.) ~ : rvL.I  ,+1 se.leclc(i he. igh[s.  PI olIc tip (Icl)th increments were
sclcctcd [o obtain a dcptll profrlc at dc.p[}I\ cf I ( III, 2 c 111, 4 CIII, an(i “1.5 till fo[ a 15 CIII diameter trunk.

‘1’hc  tinlc dcpcndcncc  o f  [r vu: i:)tlr)d [[, bc ~ie.atcst at tl)c. ? (III dcptll (nominatly  i n  t h e
hydroactivc.  xylcml tissue) and to ~iiry lIy fiII wtlc <.,fll~:)~,IlitL]dcc)vtr a ?4 Ilour period.-l’he.rc waslittlc
d iu rna l  variatic)nobscrved  inthctralkalld tll( l.llrlr,:+l  variatic)r~ (lecre.ased withincreasingd cpthintothe
rrlain stcrr~. lllc.  drop inthctrunk  dicltctli~ (( IrsIa TI( ititile af[c.rlloon Occuiscoirlcide.  n(rrlly witht}ledrop(to

,1 1 ,jllowirlj:t}la[,  (hc.rise  ill (iic.lc.ctric constant in the lategreater ncga[ivc values) in xylelu waler I){)(c tit
af[crnoon  andc.vcning  ncarlycoinci(lcs  wi[llllr rise II, wa[cr potentinl

In  March 1988, acarlll)aip,rl  \\a\(:fi li~(.ic II attlle Il(Jnatl~a  CrecklxIlc.rirll c.ntallJorest(  1l~EF)
r~car I;airbanks, Alaska, in ordertc)(xalllirl(  tlir ~~.i,{)])al tr~llsitiorls irj bcmal fotc.st with”synthctic aperture
radar (S AR) [10]. As part of il~at ( arll}~:+i}:ri, a 1’1 )]’ was Llsc.ci to metisure  1.-bat~d dic.lectric properties in
white sim uce, black spruce and balsatll im},]al II ICS. I )ata v’e.rc. collc.ctcci as a function of depth into the tree

trunks on two dates with air tcm~]c.latu~cs  o! 2[)(:  l):i -140(:.  ‘]hc. fre.c?irlg of [ile liquid water within the
trunks caused the dielcctr-ic constant of tll( tl L![I}  ~ t~ ri q fl om 35 to below S fc~r  the species measured.

1’o develop a trctter undc.rstai~(iil,~: (If [I]c <: iatic)lls!lil, bctwceri  w gc.tation [iic.lcctric constant and
vegetation physiologic activity, a rlunjt,cr  (If lIcl(i cxe.rcises llavc. been l)crfc)rlilc.d using the single and
mtrlli-c}lanncl  dielectric monitoring systc[[is 111 f on cl t wit}! xylc.r]l  sap flux and IIlicl-oclimatc sensors that
allow for characterization of the. hydral.ll!,: l,. sl~..~r i:, of the vc~,ctation l~urin~  1994, several stands at the
Boreal Ilcosystc.m-Atmosphere.  Study (}J(I K} AS) in (Uarlada were ir~str unlerlted  with this equipment
througl)out  much of the growing sc.asc)n [27, )~~) I,lcan xylclrl dielrxtlic  co[)stant showed a decrease with
higher vapor pressure deficit and s:p flux c!( {lsly I LI1 the trcrld WHS riot significant. Irldividual trees varied
widely in trend and diur[lal  amplitwdc c,f xyl III (ii( lcutr ic c{jnstant cl]an?,e. s. Sillliiar results were observed
in ~mcvious  studies in Alaska [2.4].

S.(t Radar  IIackcatter Rq)or,sc t(l l)iclictr i[ ~ollslar,t

Results of field mc.asurertlcrl[i  (i![, ICI o,, wi[h  ci!clcctric all(i t)ydrolo?,ic  rllonitoring equipment
}Iavc shown [Ila[ a iink cxis[s bctwccrl  c II{ )) \I.,,i I s[8[u:.  ar]ci  dicicc[lic  corls[arlt,  “1’tlus, since dielectr ic
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constant is scnsi[ivc [o changes in [hc carl<)lly  v a(( I SI II US, and sirlcc. radar is scnsi(ive to dielectric cons[an[,
tllcn it should bc. possible to couple rmlar t):l~:ks  ar[c[ [o canol)y  W)a[cr status L’in lhc dielectric constant. ‘l?lis
would ~,rc.atly iiliprove our ability to cstil[]att t :int~;)y carb.)1),  water and crlcr~y  buclgcts using remote
sensing [cchniqucs.

A three. day scric.s  of sca[[clolllctcl ,It,.cl \ ,t[ions  c)f a walr,ot orchard was obtained during the
August 1987 1{{)S  Syncrgisrn Study (9]. As l,wi (II [Ilc analysis  of those rjlcasurcrllents,  the vcgcta[ion
dielectric constant measurements and ccIrIcs})c)II&ri~  ‘Soil  and branch  dicle.ctl ic IIlc.asurcrnerrts were used as
inpu[ t o  tllc MIMl~S  radia[ivc  trarl<fc[ III(K.I  175,] ‘1’hc l[]oclel successfully predicts the level of the
nlcasure.d backscattcr  along with the ricc[u:i<il ~: tlcrl in backwat(cr  clbscrvccl over tlm three day period.
Furdlcnnore,  MIMIG predicts the 1-2 d 1: dii, ~cct, i[ Oc)vv anri O“llv irl tlic early afternoon each day.

5.0 Retrieval of Dielectric Con<lHr)t  frol,l l{a(l,<caticr Mcasurcnlents

Recently, a Cons[c.tlation  c,f ear(ll[ul,i! II,fI, syrltictic  a])cl lure radars  IIas been pul into place (i.e.,
l:,l<S-  1/2, JLiRS- 1 and Radanat),  and ]cwart II i Itt rest }Ias bcp,ttn to focu$ on the irlvc.rsc. ~)roblcrn and the
development and demonstration of a~)l,lic at IOII\ ( lM \i]cti area of application is t})c estinla~ion of soil
nloisturc via its cicpcndencc  on the. di< Icc(rit IN [IiKI tit. of soil, ‘I”t)e Ct iticril pa!~ is to dcconvolvc. the effects
of gc.omctric attribrrtcs (the soil surfa(  e rt)u~,hrl  SS) al) I (he. c. f(cc!s of any ovcrlyi]lg ve~c.tation  from the
dielectric effects. All of these SAR sys(c]l)$ aI{ slrl~l( [}c~lariz.atiorr  and frC{lLICJICy  systertls, so multiple
channels of inforlllation  arc. not avail al)lc [[, CSI III;,?C t!lcse three. sets c)f l)aranlc[rxs.  IJowevcr, on the basis
of single frequency polarirnctric  data, all e]] Ipir J:a I ai~, I oacll v a~ dcve.loped  to es[irllatc bo[h moisture (via
t}lc diclc.c[r-ic)  and roughrrcss  by usin~ j~c)laT ll~t 1(II,  rat lo:; [26] fo] bare soil (nori-vc~le.tatcd  conditions. l?lis
approacl]  was modified to usc only tllJ and \IV p ,Ial JZ:: ions and ti~)plicd to air borrlc Imlarimctric  SAR data
and SIR-C data obtained at l.-band  ovrr  a \v; +tc ~}ic d ill Oklnhon  Ia [27]. in as)]]lyinr, the inversion
al~orithnl in the inlagc donlain for a til]lt SC I ics of dti I, the rcsul[s shc~w IIIC. spa[ial pattern of the dry-down
scqucncc c)vcr a large area after Saturating}>,  I<ii(ls ‘1 II( It chnique did nol vmk very well for vegetated
conditions. A diffc.rent inversion al~oli[li~ll [lIa: also uws polarizaticm ra(ios  at I.-band (hh and VV) was
dcvc.lope.d using empirical cocfficicrlt< ;il~l,l Icd I(I i SII ~l,lificd first cmlc.r Solu:ioll to lhc irltcg[a]  equation
nlcthod [28]; this algorithnl SOIVCS fot (ii( lc,.t]i{  c(,r]s(  IIt ancl two rou~hl(css I)ara!llctcts.  his ar)proach has
aiso trc.cn tested using the same data florll Okiai IoIIIa ‘I”tlc s[re.n~(hs  find wc.akncsscs  of t}le two approaches
are con~parcd  by Wang [29]. All ap[)lm(llc  s S(IIV(  f(l cliclcctric  constfint and (Ilcri  iltfcr soil rrloisturc using
an empirical mocicl along with soInc. St S\ UIIIf)[IO:l  S a\)(IIl ~)ropcrtics. At p csc.rit,  ltlcrc arc no algorithms that
oppe.catc well for soils cove.rcct with v(~,c.tfi(ion (oli IcI tiIarr S}lcwt grass).
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